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Abstract
Previous studies have suggested that negative feedback is more effective in driving learn-
ing than positive feedback. We investigated the effect on learning of providing varying
amounts of negative and positive feedback while listeners attempted to discriminate be-
tween three identical tones; an impossible task that nevertheless produces robust learning.
Four feedback conditions were compared during training: 90% positive feedback or 10%
negative feedback informed the participants that they were doing equally well, while 10%
positive or 90% negative feedback informed them they were doing equally badly. In all con-
ditions the feedback was random in relation to the listeners’ responses (because the task
was to discriminate three identical tones), yet both the valence (negative vs. positive) and
the probability of feedback (10% vs. 90%) affected learning. Feedback that informed listen-
ers they were doing badly resulted in better post-training performance than feedback that in-
formed them they were doing well, independent of valence. In addition, positive feedback
during training resulted in better post-training performance than negative feedback, but only
positive feedback indicating listeners were doing badly on the task resulted in learning. As
we have previously speculated, feedback that better reflected the difficulty of the task was
more effective in driving learning than feedback that suggested performance was better
than it should have been given perceived task difficulty. But contrary to expectations, posi-
tive feedback was more effective than negative feedback in driving learning. Feedback thus
had two separable effects on learning: feedback valence affected motivation on a subjec-
tively difficult task, and learning occurred only when feedback probability reflected the sub-
jective difficulty. To optimize learning, training programs need to take into consideration
both feedback valence and probability.
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Introduction
Practice on perceptual tasks in any sensory modality almost always improves performance
(e.g., visual: [1]; auditory: [2]; somatosensory: [3]), a phenomenon referred to as ‘perceptual
learning’. Feedback on performance, although not always essential for learning [4–7], can facil-
itate perceptual learning in terms of speed [8], amount of observed improvement [9] and reten-
tion of learning over time [10]. However, there is little consensus in the literature regarding
how much feedback is useful for optimizing learning, nor on whether it should be given in re-
sponse to correct or incorrect performance (positive or negative feedback, respectively). This
aspect of feedback, often called ‘valence’, has been studied in educational learning contexts [11]
as well as in animal learning, and less frequently in human perceptual learning.
Human physiological data suggest that negative and positive feedback are processed in dis-
tinct but overlapping networks [12–14], suggesting that they may affect processing and learn-
ing in a different manner. Animals tend to learn better under aversive conditions, that is,
learning is more effective when an animal is punished for incorrect performance than rewarded
for correct performance (e.g., [15]; though see [16]). Human rule-based category learning stud-
ies (more similar to the animal learning studies than to perceptual learning) have also found
that negative feedback is more effective than positive feedback (see, e.g., [17, 18]). Varying the
difficulty of a categorization task with a number of irrelevant dimensions, Meyer and Offen-
bach [19] concluded that negative feedback was more effective for learning than positive, but
only when the task was more difficult (more irrelevant dimensions).
Studies on children in educational settings give a mixed picture on the effects of feedback.
On the one hand, positive feedback appears to enhance motivation [20–22]. On the other
hand, children appear to learn a discrimination better when incorrect performance is punished
(by playing a 98-dB tone) than when correct performance is rewarded (with sweets; [23]). Bau-
meister et al. [24] suggested that negative feedback is generally more effective than positive be-
cause people are more motivated to avoid the negative repercussions of poor performance on
their perception of self-efficacy (their perceived ability to influence the outcome). Negative
feedback may drive participants to set higher performance goals for their future performance,
and thus perform at a higher level than those who receive positive feedback or no feedback at
all [25]. Ilgen and Davis [26] found that negative feedback can have two opposite effects: it
can spur on greater effort when subjects believe it might improve their performance, but it
can also reduce motivation. They therefore concluded that negative feedback may be
counterproductive.
These variable and even contradictory results may demonstrate a lack of control of priors: it
is not clear whether the punishment and reward provided were equally weighted (subjectively
or objectively) in these studies. Nor is it clear whether the positive and negative reinforcement
were weighted consistently throughout learning (see [27]): getting another sweet when you
only have a few may be more motivating than when you already have many. On the other
hand, an annoying tone may retain its aversive nature throughout training. Indeed, there is
some evidence that negative and positive feedback may be differently weighted during the
time-course of training [28]. Another factor that may influence the relative impact of positive
and negative feedback is how much of it is given. Neither the human nor the animal studies
controlled for the probability of correct vs. incorrect trials because the feedback accurately re-
flected performance on the task. Thus, there was no direct control over the weights given posi-
tive and negative feedback or reinforcement.
To manipulate feedback independently of task performance, we used a novel paradigm
whereby the perceptual discrimination was impossible on all trials [29], and feedback was
given randomly in any desired probability [30]. In this discrimination task there are no ‘correct’
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or ‘incorrect’ trials, and the feedback does not provide real information about task perfor-
mance. We have previously utilized this paradigm to demonstrate that the amount of positive
feedback needs to be commensurate with the subjectively perceived difficulty of the task in
order to facilitate learning [30]. Unlike some previously studied paradigms using biased feed-
back [9, 31, 32] this manipulation does not promote shifts in the decision criterion without
changes in perceptual sensitivity, though concurrent changes in both have also been observed
[33]. Using the impossible task, we were able to give equal weight to the negative and positive
feedback: 10% negative feedback is the logically same as 90% positive feedback, because on the
90% of trials where no negative feedback was provided listeners could infer they were ‘correct’.
Likewise they would be able to infer they were ‘incorrect’ on the 10% of trials where no positive
feedback was provided. We were therefore able to examine the effect of feedback valence when
the information about ‘correctness’ was equally weighted.
Materials and Methods
Participants
Data from 120 adults aged 18–40 are reported here. Seventy participants were recruited for a
previous study [30]. Of the remaining 50 participants, 15 were recruited from the student pop-
ulation of University College London, and the remaining 35 from the University of Notting-
ham student population and from the general public. All participants were paid an
inconvenience allowance for their participation. Only participants with normal hearing (pure-
tone thresholds bilaterally 20 dB HL across 0.5–4 kHz) were included in the study.
Ethics statement
The research protocol was approved by the Nottingham University Hospitals Research Ethics
Committee and University College London Research Ethics Committee. Informed written con-
sent was obtained from all participants.
General procedure
The study protocol consisted of a pre-test phase, a post-test phase and a training phase
(Fig 1A). All testing was completed within one session in a sound-attenuated booth. All phases
were administered via “computer games” with a visual interface that cued sound presentation
and provided visual feedback during testing and training (Fig 1B). There was no time limit in
which to respond, and the initiation of each trial was self-paced.
Stimuli
Stimuli for both testing and training consisted of three 100 ms tones (including 10 ms raised
cosine ramps) presented with an inter-stimulus interval of 500 ms. In the test phases, standard
tones had a frequency of 1000 Hz and target tones were varied adaptively. In the training
phase, all three tones had a frequency of 1000 Hz. Stimuli were presented diotically using Senn-
heiser HD-25-1 headphones at 60 dB SPL.
Pre- and post-training phases
One frequency-discrimination (FD) threshold assessment of 30 trials (‘probe’; see [34]) was ad-
ministered during each of the pre- and post-training phases. For each trial, listeners were pre-
sented with three intervals, two containing the standard tone (F), and the third, randomly-
determined interval containing a higher-frequency tone (F + ΔF). Each interval was visually
cued by an animated character (see Fig 1B), and listeners were instructed to indicate the
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Fig 1. Experimental design. (A) The procedure consisted of a pre-test that included a short (5-trial) demonstration to familiarize listeners with the task,
followed by a short (30 trials) probe to assess the difference limens for frequency (DLF) [34]. The training phase consisted of 600 trials delivered in 100-trial
blocks, with a 10-minute break after the first 3 blocks. Following training, a second probe was administered to assess post-training DLFs. (B) Screenshots of
the software used for testing and training. Separate groups were trained with 10% and 90% positive feedback (top; [30]), and 10% and 90% negative
feedback (bottom). Note that the 10% positive and 90% negative feedback conditions (left column) are equivalent in informing participants that they are doing
very badly, while the 90% positive and 10% negative feedback conditions (right column) are equivalent in informing participants they are doing very well.
doi:10.1371/journal.pone.0126412.g001
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interval they believed differed from the other two by touching the character that corresponded
to the chosen interval on the touch-screen. Immediate and informative feedback (positive or
negative, see below) was received following each trial (see below). A 5-trial demonstration was
administered before the pre-test probe to familiarize participants with task requirements.
Three of these “demo” trials were ‘easy’ (ΔF = 50%), and two were impossible (ΔF = 0%). Lis-
teners were instructed to guess when they could not hear a difference between the sounds. All
participants correctly identified the target sounds for the ΔF = 50% demo trials.
The probes used an adaptive three-down, one-up staircase procedure, targeting 79.4% cor-
rect on the psychometric function [35]. ΔF varied adaptively according to the following rule:
starting with ΔF = 50%, it was divided by 2 following every correct response until the first in-
correct response. Thereafter, ΔF was divided by
p
2 after three correct responses, and multi-
plied by
p
2 after one incorrect response. Following two consecutive steps in the same
direction (up or down), the step size was multiplied by
p
2. Difference limens for frequency
(DLFs) were calculated as the 79.4% correct point on the logistic psychometric function fitted
to the 30 trials in each probe using the Wichmann and Hill maximum likelihood procedure
[36].
Listeners from the positive feedback groups were allocated based on their pre-test thresholds
so as to match the groups as closely as possible on initial FD ability [30]. Listeners from the
negative feedback groups were separately matched to the same naïve performance.
Training phase
During the training phase, all tones were identical (ΔF = 0%) but listeners were instructed to
perform the same discrimination task as that in the pre-test phase and choose the sound that
was different [29]. Although the task is impossible in the sense that there is no right answer
(i.e. the tones are all physically identical), subjectively listeners do perceive differences between
the stimuli that can be used to make a perceptual judgment (see [37, 38]). Thus the subjective
perception is that the task is difficult, but not impossible. Listeners in one training group re-
ceived positive feedback on 90% of the trials, randomly picked by the software running the
experiment. A second training group received positive feedback on 10% of the trials. Two addi-
tional groups received negative feedback on 10% and 90% of the trials.
Feedback
Feedback valence remained consistent throughout testing for each group: groups receiving neg-
ative feedback during training also received negative feedback during the pre- and post-test
while groups receiving positive feedback also received positive feedback during the pre- and
post-test phases. Note that during the pre- and post-test phase, feedback reflected real correct
and incorrect responses (for the groups receiving positive and negative feedback, respectively).
This was done to avoid confusion on the meaning of the feedback. Feedback valence did not af-
fect pre-test DLFs (see below). Positive feedback for correct responses comprised a brief anima-
tion of the correctly chosen character (jumping up and down), explained as a “happy dance”,
accompanied by a ‘happy’ sound (‘yippee’) and a diamond token which was added to the cache
at the bottom of the test screen (see Fig 1B). Negative feedback included the same brief anima-
tion, but this was explained as an “upset gesture” and accompanied by a ‘sad’ sound (a sigh)
and a rotten tomato token which was added to the cache. The tokens remained on screen as a
cumulative reminder of how ‘well’ or how ‘badly’ participants were doing on the task.
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Data exclusions
Of the 120 participants recruited, 21 were excluded from statistical analysis. As reported in
[30] four participants were excluded from the 90% positive feedback group and three from the
10% positive feedback group because the psychometric function fitted to their pre- or post-test
probe data had very shallow slopes ( 0.10), which rendered the threshold estimates for these
probes unreliable. The same criteria were used to exclude 14 listeners allocated to the negative
feedback groups following pre-test, with the additional requirement that they matched the
range of the original positive feedback group. No additional listeners were excluded based on
post-test.
Data analyzed and reported therefore included the original positive feedback cohort (10%
positive: n = 31; 90% positive: n = 32), and 36 newly recruited participants (n = 18 each for the
10% and 90% negative feedback groups).
Statistical analysis
FD threshold data (in Hz) were log-transformed, and all statistical analyses were carried out on
the log-transformed data. The learning (pre-test DLFs—post-test DLFs) data met the equality
of variance assumption (Levene’s Test of equality of error variance: p = 0.059), and we there-
fore used a univariate analysis of variance (ANOVA) with between subject factors of feedback
valence (positive vs. negative) and feedback meaning (doing well vs. doing badly). We used
feedback meaning rather than probability to reflect the information provided by the feedback,
where 10% positive feedback was equivalent to 90% negative feedback (indicating listeners are
doing badly on the task) and 90% positive feedback was equivalent to 10% negative feedback
(indicating listeners are doing well on the task).
Results
Feedback groups were well-matched on pre-training performance (DLF, Fig 2A; F(3,95) =
0.078; p = 0.97). Positive feedback during training resulted in greater learning than negative
feedback (Fig 2B; F(1,95) = 4.15; p = 0.044); feedback that informed listeners they were doing
badly was more effective in driving learning than feedback that informed them they were doing
well (F(1,95) = 6.58; p = 0.012). Feedback valence did not interact significantly with feedback
meaning (F(1,95) = 0.81; p = 0.37).
Of the four training groups, the pre- to post-test improvement was significant only in the
10% positive group (p< 0.001, one-sample t-test, α = 0.0125; Fig 2A). Learning in the 90%
negative group was not significant after correction for multiple comparisons (p = 0.044, α =
0.0167). Neither of the groups that received feedback indicating a high success rate on the task
showed any improvement.
Although learning varied considerably between listeners in each group, almost all listeners
in the groups receiving feedback indicating they were performing poorly improved (or main-
tained their performance) as a result of training (97% and 89% in the 10% positive and 90%
negative feedback groups, respectively; see S1 Fig). On the other hand, a relatively large propor-
tion of those receiving feedback indicating they were performing well showed a decline in per-
formance (28% and 50% in the 90% positive and 10% negative feedback groups, respectively).
A χ 2 test confirmed that there was a significantly greater proportion of these ‘unlearners’ in
the groups receiving feedback indicating they were doing well (χ 2 = 6.2; p = 0.013), whereas
the difference was not significant when comparing the proportion of unlearners in the negative
and positive feedback groups (χ2 = 2.0; p = 0.16).
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Discussion
We found that feedback valence and meaning have independent effects on learning: feedback
indicating a low success (or high failure) rate was better at driving learning than feedback indi-
cating a high success rate. While positive feedback resulted in better learning than negative
feedback, the only condition producing successful learning was training with 10% positive
feedback. Perceptual learning on this subjectively difficult task appears to require that feedback
should be both realistic and positive.
Based on our earlier study of positive feedback using identical tones [30] we speculated that
effective feedback needs to reinforce an internal assessment of performance. However, if this
alone accounted for the effects of feedback on learning, our reciprocal negative and positive
feedback conditions should have yielded equivalent learning because they were (objectively)
equivalent in informing participants of their level of performance on the task. The significant
main effect of valence suggests that this was not the whole story.
Valence effects can result from bias. Bias is usually studied with respect to a preference for a
specific response over the alternatives (e.g., [39, 40]), but it can also take the form of unequally
weighting positive and negative feedback. Thus, the previously observed advantage for negative
feedback in both animal [15] and human [21, 41] studies may have resulted from negative feed-
back being given a greater subjective weight than positive feedback: avoiding punishment for
failure may have been given greater importance that receiving a reward for success. The current
Fig 2. Learning. (A) Pre- and Post-training DLFs for each training group. The asterisk demarcates a significant difference between pre- and post-training
DLFs (after correction for multiple comparisons). (B) Learning—the difference (in logs) between pre- and post-training DLFs for the groups receiving positive
and negative feedback. Note that the percentages by the markers indicate the probability of feedback, while the abscissa denotes the meaning conveyed by
the feedback. Error bars are s.e.m.
doi:10.1371/journal.pone.0126412.g002
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study suggests that a subjective bias may still exist even when the objective “weight” of positive
and negative feedback was equated, albeit in the opposite direction to what one would have ex-
pected based on the previous literature (e.g., [24]).
The advantage of positive over negative feedback may be related to reward processing in the
brain, and specifically to the role of dopamine in both reward processing and plasticity. Unex-
pected rewards increase the activity of midbrain dopaminergic neurons [42, 43]. Dopamine
plays a crucial role in transferring memory traces from short- to long-term memory [44] and
supporting learning [45]. A relationship between dopamine, long-term potentiation (a cellular
mechanism for synaptic plasticity) and perceptual learning has previously been proposed [46,
47], supported by an imaging study showing better learning for stimuli associated with greater
reward [48].
The independent effects of feedback valence and meaning found in the current study may
reflect a dissociation between performance-related processing in evaluating feedback based on
its probability or meaning and the emotional component associated with its valence [49]. El-
liott, Frith and Dolan [49] compared performance on two tasks—one in which participants
could control performance (planning) and improve, and one in which they could not (guess-
ing). Unknown to the naïve participants, the feedback in either case was unrelated to perfor-
mance (as in our study). Yet even when participants became aware of that dissociation over the
course of training, feedback valence still influenced their improvement on the planning task.
Learning was substantially greater with positive than with negative feedback.
Physiological studies have shown that the brain responds differently to negative and positive
feedback [28, 50]. Opitz, Ferdinand and Mecklinger [28] showed that feedback-related positivi-
ty (FRP; a positive deflection ERP component elicited by positive feedback) decreased with
training, while the feedback-related negativity (FRN; a negative ERP component, elicited by
negative feedback) remained constant. Interestingly, recent studies have also found significant
individual differences in preference for learning with negative or positive feedback, coined neg-
ative and positive learners, respectively [51]. Unger, Heinz and Kray [14] have shown that par-
ticipants who are sensitive to punishment (i.e. negative feedback) exhibit larger error- and
feedback-related negativity (ERN and FRN, respectively), while those more sensitive to reward
(positive feedback) showed greater error positivity (Pe). It is possible that our sample was bi-
ased towards positive learners, resulting in significant learning only in the 10% positive feed-
back condition.
The individual variability in our study, reflected in the proportion of participants whose
performance declined (“unlearners”) compared to improved (“learners”) from pre- to post-
test, was based on feedback meaning rather than its valence. While it might be expected that
performance would not improve when the trained task does not promote motivation, a decline
in performance is surprising. It is possible that training with feedback indicating good perfor-
mance, regardless of strategy, led unlearners to stop believing they could influence their own
performance (i.e. loss of ‘self-efficacy’; see [26]), and that this effect carried over from the train-
ing phase to the post-test, resulting in poor performance. Alternatively, the strategy (or dis-
criminant) these listeners used during the pre-test could have been unlearned due to the
exuberant success indicated by feedback during training, leading to poorer post-test
performance.
Finally, electrophysiological evidence also suggests that separate ERP components are af-
fected by feedback valence and its probability, and that both components are associated with
behavioral adjustment (reviewed in [52]). The amplitude of the P3 ERP component depends
on expectations of the outcome: it is larger for unexpected events, including unexpected feed-
back events, irrespective of feedback valence. This reflects an expectation regarding the proba-
bility of correct and incorrect responses, which is likely to be related to the perceived difficulty
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of the task. Thus, feedback events are treated as good or bad outcomes not in absolute terms
but relative to their relationship with expectations, as we have predicted based on previous re-
sults from positive-only feedback [30]. These findings may account for the lack of interaction
between feedback meaning and valence in the current study.
The manipulation we used here, with random feedback provided on a pre-specified propor-
tion of trials—all of which were identical and impossible to discriminate—allowed us to avoid
the pitfalls of previous studies comparing negative and positive feedback as outlined in the in-
troduction. But how generalizable are these findings to learning studies in which feedback ac-
curately reflects performance on the task? It is notable that listeners were unaware that the
stimuli within each trial were identical. Subjectively these tones sound different, as confirmed
by the debriefing following training—listeners report the task to be “very difficult” but not “im-
possible”. We have further evidence from electroencephalography (EEG) to support the notion
that these tones are perceived as different [38]. Moreover, despite the extreme deviation of
feedback from any realistic expectation (10% is significantly below chance level on a 3-alterna-
tive, forced-choice task), among the many listeners already tested with this impossible task
(e.g., [30]) only one reported noticing that feedback was less than it should be by chance in the
10% positive condition (this listener was not part of the experiment reported here). We thus
suggest that the effect of feedback probability, at least, is generalizable to more realistic proba-
bilities (usually 70–80% correct in psychophysical studies). We suggest that so long as the feed-
back probability, or the information it conveys about performance, does not significantly
diverge from the internal assessment of task difficulty it should drive learning. Hence, these re-
sults should be generalizable to studies where differences between both stimuli and feedback
are ‘real’. The results should also be generalizable to other perceptual learning tasks—we have
no reason to think that the mechanisms responsible for processing the performance-related
and emotional aspects of feedback are specific to frequency discrimination, or that they are spe-
cific to the way learning is driven in a frequency discrimination task.
To conclude, the current study suggests that positive is superior to negative feedback in
driving learning, and that the feedback needs to reflect the difficulty of the task—learning does
not occur when the feedback informs learners that they are doing better than they should be
given the task’s difficulty.
Supporting Information
S1 Fig. Individual difference limens for frequency (DLFs) before and after training. Data
are shown for pre- and post-test for each of the four training groups. The top two panels are
for the groups receiving positive feedback and the bottom two panels for those receiving nega-
tive feedback. The two panels on the right show listeners for whom the feedback indicated they
were doing well, while the panels on the left show listeners for whom the feedback indicated
they were doing badly.
(TIF)
Author Contributions
Conceived and designed the experiments: SA LFH. Performed the experiments: KM. Analyzed
the data: SA. Wrote the paper: SA DRM LFH. Critically reviewed article: KM. Set up the soft-
ware used for testing: KM.
References
1. Ahissar M, Hochstein S. Task difficulty and the specificity of perceptual learning. Nature. 1997; 387:
401–406. PMID: 9163425
Feedback Valence and Probability Affect Auditory Perceptual Learning
PLOS ONE | DOI:10.1371/journal.pone.0126412 May 6, 2015 9 / 11
2. Wright BA, Buonomano DV, Mahncke HW, Merzenich MM. Learning and generalization of auditory
temporal-interval discrimination in humans. J Neurosci. 1997; 17: 3956–3963. PMID: 9133413
3. Imai T, Kamping S, Breitenstein C, Pantev C, Lütkenhöner B, Knecht S. Learning of tactile frequency
discrimination in humans. Hum Brain Mapp. 2003; 18: 260–271. PMID: 12632464
4. Karni A, Sagi D. Where practice makes perfect in texture-discrimination: Evidence for primary visual-
cortex plasticity. Proc Natl Acad Sci U S A. 1991; 88: 4966–4970. PMID: 2052578
5. Poggio T, Fahle M, Edelman S. Fast perceptual learning in visual hyperacuity. Science. 1992; 256:
1018–1021. PMID: 1589770
6. Petrov AA, Dosher BA, Lu ZL. Perceptual learning without feedback in non-stationary contexts: Data
and model. Vision Res. 2006; 46: 3177–3197. PMID: 16697434
7. Zaltz Y, Ari-Even Roth D, Kishon-Rabin L. Does feedback matter in an auditory frequency discrimina-
tion learning task? J Basic Clin Physiol Pharmacol. 2010; 21: 241–254. PMID: 21166272
8. Liu JJ, Lu ZL, Dosher BA. Augmented hebbian reweighting: Interactions between feedback and training
accuracy in perceptual learning. J Vision. 2010; 10.
9. Herzog MH, Fahle M. The role of feedback in learning a vernier discrimination task. Vision Res. 1997;
37: 2133–2141. PMID: 9327060
10. Dobres J, Watanabe T. Response feedback triggers long-term consolidation of perceptual learning in-
dependently of performance gains. J Vision. 2012; 12: 9.
11. Hattie J, Timperley H. The power of feedback. Rev Educ Res. 2007; 77: 81–112.
12. Knutson B, Fong GW, Adams CM, Varner JL, Hommer D. Dissociation of reward anticipation and out-
come with event-related fmri. Neuroreport. 2001; 12: 3683–3687. PMID: 11726774
13. Badgaiyan RD, Posner MI. Mapping the cingulate cortex in response selection and monitoring. Neuro-
image. 1998; 7: 255–260. PMID: 9597666
14. Unger K, Heintz S, Kray J. Punishment sensitivity modulates the processing of negative feedback but
not error-induced learning. Front Hum Neurosci. 2012; 6: 186. doi: 10.3389/fnhum.2012.00186 PMID:
22754518
15. Warden CJ, Aylesworth M. The relative value of reward and punishment in the formation of a visual dis-
crimination habit in the white rat. J Comp Psychol. 1927; 7: 117–127.
16. Cook R, Fagot J. First trial rewards promote 1-trial learning and prolonged memory in pigeon and ba-
boon. Proc Natl Acad Sci U S A. 2009; 106: 9530–9533. doi: 10.1073/pnas.0903378106 PMID:
19470493
17. Buss AH, Buss EH. The effect of verbal-reinforcement combinations on conceptual learning. J Exp Psy-
chol. 1956; 52: 283–287. PMID: 13367352
18. Buss AH, Weiner M, Buss E. Stimulus generalization as a function of verbal reinforcement combina-
tions. J Exp Psychol. 1954; 48: 433–436. PMID: 13221740
19. Meyer WJ, Offenbach SI. Effectiveness of reward and punishment as a function of task complexity. J
Comp Physiol Psychol. 1962; 55: 532–534.
20. Harackiewicz JM. Effects of reward contingency and performance feedback on intrinsic motivation. J
Pers Soc Psychol. 1979; 37: 1352–1363.
21. Deci EL, Koestner R, Ryan RM. A meta-analytic review of experiments examining the effects of extrin-
sic rewards on intrinsic motivation. Psychol Bull. 1999; 125: 627–668. PMID: 10589297
22. Koestner R, ZuckermanM, Koestner J. Praise, involvement, and intrinsic motivation. J Pers Soc Psy-
chol. 1987; 53: 383–390.
23. Penney RK, Lupton AA. Children's discrimination learning as a function of reward and punishment. J
Comp Physiol Psychol. 1961; 54: 449–451. PMID: 13734128
24. Baumeister RF, Bratslavsky E, Finkenauer C, Vohs KD. Bad is stronger than good. Rev Gen Psychol.
2001; 5: 323–370.
25. Podsakoff PM, Farh JL. Effects of feedback sign and credibility on goal setting and task-performance.
Organ Behav Hum Dec. 1989; 44: 45–67.
26. Ilgen DR, Davis CA. Bearing bad news: Reactions to negative performance feedback. Appl Psychol.
2000; 49: 550–565.
27. Sailer U, Fischmeister FPS, Bauer H. Effects of learning on feedback-related brain potentials in a deci-
sion-making task. Brain Res. 2010; 1342: 85–93. doi: 10.1016/j.brainres.2010.04.051 PMID: 20423704
28. Opitz B, Ferdinand NK, Mecklinger A. Timing matters: The impact of immediate and delayed feedback
on artificial language learning. Front Hum Neurosci. 2011; 5: 8. doi: 10.3389/fnhum.2011.00008 PMID:
21344008
Feedback Valence and Probability Affect Auditory Perceptual Learning
PLOS ONE | DOI:10.1371/journal.pone.0126412 May 6, 2015 10 / 11
29. Amitay S, Irwin A, Moore DR. Discrimination learning induced by training with identical stimuli. Nat Neu-
rosci. 2006; 9: 1446–1448. PMID: 17028582
30. Amitay S, Halliday LF, Taylor J, Sohoglu E, Moore DR. Motivation and intelligence drive auditory per-
ceptual learning. PLoS ONE. 2010; 5: e9816. doi: 10.1371/journal.pone.0009816 PMID: 20352121
31. Herzog MH, Ewald KRF, Hermens F, Fahle M. Reverse feedback induces position and orientation spe-
cific changes. Vision Res. 2006; 46: 3761–3770. PMID: 16844180
32. Herzog MH, Fahle M. Effects of biased feedback on learning and deciding in a vernier discrimination
task. Vision Res. 1999; 39: 4232–4243. PMID: 10755160
33. Aberg KC, Herzog MH. Different types of feedback change decision criterion and sensitivity differently
in perceptual learning. J Vision. 2012; 12: 3.
34. Amitay S, Irwin A, Hawkey DJC, Cowan JA, Moore DR. A comparison of adaptive procedures for rapid
and reliable threshold assessment and training in naive listeners. J Acoust Soc Am. 2006; 119: 1616–
1625. PMID: 16583906
35. Levitt H. Transformed up-downmethods in psychoacoustics. 1971; 49: 467–477. PMID: 5541744
36. Wichmann FA, Hill NJ. The psychometric function: I. Fitting, sampling, and goodness of fit. Percept Psy-
chophys. 2001; 63: 1293–1313. PMID: 11800458
37. Micheyl C, McDermott JH, Oxenham AJ. Sensory noise explains auditory frequency discrimination
learning induced by training with identical stimuli. Atten Percept Psychophys. 2009; 71: 5–7. doi: 10.
3758/APP.71.1.5 PMID: 19304592
38. Amitay S, Guiraud J, Sohoglu E, Zobay O, Edmonds BA, Zhang YX, et al. Human decision making
based on variations in internal noise: An eeg study. PLoS ONE. 2013; 8: e68928. doi: 10.1371/journal.
pone.0068928 PMID: 23840904
39. Wenger MJ, Rasche C. Perceptual learning in contrast detection: Presence and cost of shifts in re-
sponse criteria. Psychon Bull Rev. 2006; 13: 656–661. PMID: 17201366
40. Jones PR, Moore DR, Shub DE, Amitay S. The role of response bias in perceptual learning. J Exp Psy-
chol Learn MemCogn. In Press.
41. Van-Dijk D, Kluger AN. Feedback sign effect on motivation: Is it moderated by regulatory focus? Appl
Psychol. 2004; 53: 113–135.
42. Schultz W. Predictive reward signal of dopamine neurons. J Neurophysiol. 1998; 80: 1–27. PMID:
9658025
43. Schultz W. Behavioral theories and the neurophysiology of reward. Annu Rev Psychol. 2006; 57: 87–
115. PMID: 16318590
44. Wise RA. Dopamine, learning and motivation. Nat Rev Neurosci. 2004; 5: 483–494. PMID: 15152198
45. Waelti P, Dickinson A, Schultz W. Dopamine responses comply with basic assumptions of formal learn-
ing theory. Nature. 2001; 412: 43–48. PMID: 11452299
46. Aberg KC, Herzog MH. About similar characteristics of visual perceptual learning and ltp. Vision Res.
2012; 61: 100–106. doi: 10.1016/j.visres.2011.12.013 PMID: 22289647
47. Dinse HR, Ragert P, Pleger B, Schwenkreis P, Tegenthoff M. Pharmacological modulation of perceptu-
al learning and associated cortical reorganization. Science. 2003; 301: 91–94. PMID: 12843392
48. Adcock RA, Thangavel A, Whitfield-Gabrieli S, Knutson B, Gabrieli JD. Reward-motivated learning:
Mesolimbic activation precedes memory formation. Neuron. 2006; 50: 507–517. PMID: 16675403
49. Elliott R, Frith CD, Dolan RJ. Differential neural response to positive and negative feedback in planning
and guessing tasks. Neuropsychologia. 1997; 35: 1395–1404. PMID: 9347486
50. Tricomi E, Delgado MR, McCandliss BD, McClelland JL, Fiez JA. Performance feedback drives cau-
date activation in a phonological learning task. J Cogn Neurosci. 2006; 18: 1029–1043. PMID:
16839308
51. Eppinger B, Kray J. To choose or to avoid: Age differences in learning from positive and negative feed-
back. J Cogn Neurosci. 2011; 23: 41–52. doi: 10.1162/jocn.2009.21364 PMID: 19925176
52. Martín RS. Event-related potential studies of outcome processing and feedback-guided learning. Front
Hum Neurosci. 2012; 6: 304. doi: 10.3389/fnhum.2012.00304 PMID: 23162451
Feedback Valence and Probability Affect Auditory Perceptual Learning
PLOS ONE | DOI:10.1371/journal.pone.0126412 May 6, 2015 11 / 11
